Objective: To detect exogenous recombinant human GH (rhGH) abuse in female athletes. Design: GH-dependent markers were assayed in serum of 100 female athletes (control group) and in a subgroup of nine female subjects treated with rhGH (0.09 IU/kg body weight, 6 days/week for 3 weeks). Methods: Cut-off values (meanC2 S.D.) for IGF1, N-terminal propeptide of type III procollagen (PIIINP) and C-terminal telopeptide of type I collagen (ICTP) were calculated and arbitrary scores (1.5 or 2.0) were assigned to abnormal markers. By using the sum of individual marker scores, positive (R3) or negative (!3) scores were obtained. Results: None of the control group obtained a positive score (R3). Abnormal IGF1, PIIINP and ICTP levels were found in 61.4, 54.5 and 11.4% samples of the treated group. Overall, positive cases were present in 43.2% blood samples drawn in subjects treated with rhGH and in 26% of samples after rhGH withdrawal. The sensitivity of the detection approach was 66.6% at the end of 3-week rhGH treatment and 11.1% at the 15th day of rhGH withdrawal, while the specificity was 100%. Conclusion: Detection test for rhGH administration appears less sensitive in female (66.6%) than in male athletes (previous observation, 100% after 3 weeks of comparable rhGH dose), but shows a similar specificity (98.5-100%). Since athletes supposedly use very high doses and long-term administration of rhGH for doping purposes, it is foreseen that the here-in detection test would in future increase its strength.
Introduction
There is anecdotal evidence that recombinant human GH (rhGH) is widely abused in sport, either alone or in combination with androgenic anabolic steroids (1) . To date, however, there is a lack of evidence that rhGH actually improves performance in sound athletes, although beneficial effects have been demonstrated in adults with GH deficiency (2) .
Development of a valid anti-doping test for GH has been challenging because 22 kDa rhGH used in doping is analytically indistinguishable from endogenous GH and there are wide-physiological fluctuations in circulating concentrations of endogenous GH (3) .
One approach to rhGH detection in sport is based on measurement of different circulating GH isoforms using immunoassays that differentiate between 22 kDa and other GH isoforms. Administration of 22 kDa GH results in a change in its abundance relative to other endogenous pituitary GH isoforms. However, this differential isoform method has a limited utility because of the short window of opportunity of detection of circulating GH (4, 5) .
The second present approach to a GH doping test is based on the physiological effects of rhGH that result in increased circulating concentrations of proteins with a longer half-life and more stable serum concentrations than GH, such as insulin-like growth factor I (IGF1) and bone and collagen peptides. These include the marker of bone formation, N-terminal propeptide of type I procollagen, the marker of bone resorption, C-terminal telopeptide of type I collagen (ICTP) and the marker of connective tissue synthesis N-terminal propeptide of type III procollagen (PIIINP) (6) (7) (8) .
Combination of more than one marker through a multistep algorithm (9) or mathematical equation (10) (11) (12) has been reported to result in a more suitable integrated evaluation of GH-IGF1 function and in a highly predictive anti-doping test for GH abuse.
Along this line are preliminary results by Sartorio et al. (9) , who evaluated the usefulness of combined measurements of IGF1, PIIINP and ICTP in detecting exogenous rhGH administration in male subjects (0.09 IU/kg body weight, 6 days/week for 3 weeks), after having calculated cut-off values (meanC2 S.D.) for these markers in a control group (not-treated athletes). The sensitivities of the detection approach ranged between 50 and 100% (at the 1st, 2nd and 3rd week) and specificity was 98.5%.
Reportedly, in addition to age, gender is a major determinant of variability for IGF1 and the bone and collagen markers (13) . This is related to women's resistance to the effect of GH on hepatic metabolism and bone and collagen turnover, as shown by the higher baseline levels of bone formation markers and by the significantly greater response to low doses of rhGH in IGF1, PIIINP and ICTP levels in male than female athletes (7) .
This gender-related difference in the response to rhGH might make the detection of GH abuse in women potentially more difficult.
Therefore, the aim of the present study was to ascertain whether the combined determination of IGF1, PIIINP and ICTP could be useful in detecting exogenous rhGH administration also in female athletes. To make the comparison with the results of our previous study (9) easier, the same protocol used in male athletes was here-in followed, with the distinction of monitoring biological markers also after rhGH treatment withdrawal.
Materials and methods

Subjects
One hundred Caucasian female athletes from different individual or team sports, competing at a national level, (control group; mean ageGS.D.: 22.2G4.6 years; body mass index (BMI): 20.6G1.6 kg/m 2 ) volunteered to participate in this investigation. They had regularly trained (at least 2-3 h/day for 4-5 days/week) during the 2-3 years preceding the present study and they had not taken medications, drugs or doping agents that might have influenced the experimental evaluation during the year prior to blood collections. A full physical examination and a preliminary screening assessment were devised to detect risk factors that might contraindicate participation in the study. The risks and benefits of the study were thoroughly explained to all subjects, and written informed consent was subsequently obtained. Approval was also obtained by the ethical committees of the Italian Institute for Auxology, Milan and of the University 'Sapienza', Rome, Italy.
After the basal evaluation, a small group of female athletes (treated group; nZ9; age: 24.2G3.5 years; BMI: 20.8G1.5 kg/m 2 ) involved in non-competitive sport activities (not including anti-doping controls), additionally volunteered to be treated with rhGH (Humatrope, Eli Lilly) at a dose of 0.09 IU/kg body weight, administered subcutaneously 6 days/week for 3 weeks. To be assured of compliance each daily rhGH dose was administered by a physician. This approach could be questionable as it was obviously not randomized and blinded, but was, however, recommended by our ethical committees.
Blood collection and biochemical analyses
Control group athletes were sampled in the morning (1000-1200 h) or in the afternoon (1600-1900 h) before a typical training session, according to their usual training schedule. Before blood sampling, subjects were asked to fast for at least 3 h and refrain from physical activity and ingestion of alcohol or caffeine. Basal blood samples were drawn after the athletes stood quietly for at least 30 min in a semirecumbent position.
In the treated group, blood collections were performed in the morning before the daily rhGH administration on the following days: 1 (i.e. baseline), 3, 4, 8, 15 and 20. A further set of blood samples was drawn after rhGH withdrawal at the following days: 1, 2, 4, 8, 15, 30 and 60. Blood samples were placed on ice until centrifugation and serum separation. Serum samples were frozen at K40 8C until analyzed.
The circadian variability of IGF1, ICTP and PIIINP is limited and the different times of blood collection (morning versus afternoon) did not affect the results.
Serum GH and IGF1 levels were determined by using commercial kits for enzyme-labelled chemiluminescent immunometric assay (Immulite 2000, DPC, Los Angeles, CA, USA and Mediagnost GmbH, Tuebingen, Germany respectively). Values of sensitivity were 
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www.eje-online.org 0.01 mg/l for GH and 0.01 nmol/l for IGF1. Intra-and interassay coefficients of variation (CV) were 2.5 and 6% for GH and 3.5 and 7% for IGF1 respectively. ICTP and PIIINP levels were determined using commercial kits for RIA (Orion Diagnostica Oy, Espoo, Finland). Intra-and interassay CV were 5.2 and 5.7% for ICTP and 4.3 and 5.3% for PIIINP; the sensitivity was 0.5 mg/l for ICTP and 0.2 mg/l for PIIINP. All the samples were run in the same session to avoid any changes in interassay variability.
Single marker and total scores
Cut-off values for abnormal IGF1, PIIINP and ICTP (C2 S.D. from the means) were calculated using the data of the entire subject group of controls. By analogy with the approach used in a previous study by our group in male athletes (9), we arbitrarily assigned 2 (IGF1) or 1.5 (PIIINP and ICTP) scores to abnormal values in the respective age groups, as reported in Table 1 . Total scores (i.e. the sum of the three marker scores) lower than three were arbitrarily considered negative for rhGH intake, while scores equal to or higher than three were considered positive.
Statistical and data analyses
Ordinary statistical methods were used to calculate means and S.D. Sensitivity was calculated ((abnormal cases/total number of samples)!100) in the treated group at the different times of blood sampling; specificity was calculated ((normal cases/total number of subjects)!100) in the control group.
A test of normality and an equal variance test were performed for all markers before the use of parametric tests. For the treated group, a repeated measures ANOVA was used to assess the effect of the treatment between the different times of blood sampling on IGF1, PIIINP and ICTP levels. When significant treatment effects occurred, Tukey post hoc analyses were used to test differences among means. The level of significance was established at P!0.05. The statistical software package used was SigmaStat version 3.0.1.
Results
Abnormal IGF1, PIIINP and ICTP levels were present in 4/100 (4%), 3/100 (3%) and 0/100 (0%) cases of the not-treated (control) group respectively, but no athlete displayed a positive total score (R3) in this group. GH levels in the not-treated group averaged 5.7G4.8 mg/l.
As reported in Table 2 , abnormal levels of IGF1, PIIINP and ICTP were found in 27/44 (61.4%), 24/44 (54.5%) and 5/44 (11.4%) blood samples of rhGHtreated female subjects respectively.
The profile of the three markers during the entire periods of rhGH administration and withdrawal is reported in Fig. 1 . Levels of all markers progressively increased in the first 3-week treatment and then decreased until equalling baseline levels after 8 (IGF1), 30 (PIIINP) and 60 (ICTP) days. Scrutiny of the three markers after rhGH withdrawal provides evidence that, although with a wide inter-individual variability, IGF1 levels remained elevated for 4-8 days after rhGH withdrawal (in seven athletes, cases 1, 3, 4, 6-9), abnormal PIIINP levels up to 15 days (in four athletes, cases 3-6) and up to 30 days (in one athlete, case 2). ICTP levels, which increased slightly during rhGH administration, remained abnormal for up to 4 days in only two athletes (cases 6 and 7). Collectively, the specificity of the detection approach proposed here was 100% (0 false positives among not-treated athletes), whereas the values of sensitivity were 44.4 (4/9), 33.3 (3/9), 22.2 (2/9), 50.0 (4/8) and 66.6% (6/9) among blood samples drawn at the 3rd, 4th, 8th, 15th and 20th day of rhGH treatment, respectively (Table 2) . It has to be noted that athlete case 5 was a false positive.
Interestingly, cases of positive total score also were present after 1, 2 and 4 days of rhGH withdrawal. The values of sensitivity were 62.5 (5/8), 33.3 (3/9) and 37.5% (3/8) at the 1st, 2nd and 4th, 11.1% (1/9) at the 8th and 15th and 0% (0/9 and 0/7) at 30th and 60th days after withdrawal of rhGH treatment respectively (Table 3) .
Discussion
In a previous study, IGF1, PIIINP and ICTP concentrations were reported to be of potential interest for assessing rhGH abuse in male athletes (9) . Precisely, assignment of a distinct score to each of these GH-dependent markers resulted in only one false positive case in a group of 66 male athletes, freed from GH use. On the other hand, 12/18 positive samples were present in male subjects treated with rhGH (0.09 IU/kg, 6 days/week for 3 weeks; 66.7%), the occurrence of positive scores being 6/6 at the 3rd week of treatment and 3/6 at the 1st and 2nd weeks. Hence, based on a cut-off value for total score of R3, the detection approach proposed in that study had a sensitivity value of 50% at the 1st and 2nd weeks of rhGH treatment and of 100% at the end of the 3rd week and a specificity of 98.5%.
In the present study, we have investigated whether the same markers might be applied in detecting rhGH administration in female athletes, too.
The combined determinations of IGF1, PIIINP and ICTP levels in 100 female athletes freed from GH use, and the subsequent assignment of a specific score to each of these three markers was endowed with a 100% specificity. In fact, increased IGF1, PIIINP and ICTP levels were found respectively, in only 4/100 (4%), 3/100 (3%) and 0/100 (0%) control athletes, with none having a total score of R3.
When considering female subjects treated with rhGH, abnormal IGF1, PIIINP and ICTP levels were found in 27/44 (61.4%), 24/44 (54.5%) and 5/44 (11.4%) blood samples respectively. Importantly, a greater percentage of increased IGF1, PIIINP and ICTP levels was found at the 15th and 20th days of rhGH treatment.
In contrast with the results obtained in male subjects (see above), these findings imply that 3 weeks of rhGH treatment at the (low) dose used here failed to engender sustained and increased levels of the GH-dependent markers in most of the female individuals.
These apparently negative findings have to be related to the reduced sensitivity to rhGH of women and are in agreement with previous reports that GH deficient and also healthy men are more responsive to rhGH administration than women (7, 14) . In this study, resistance to rhGH was apparently more prominent when the bone marker of resorption ICTP is considered (14) . It has been reported that systemic oestrogen administration blocks hepatic IGF1 production and, consequently, suppresses connective tissue and bone metabolism (15) . However, in the present study, all female athletes were normocycling and nobody was taking oral contraceptives, which make it unlikely that these factors may account for the resistance of the females to rhGH.
Based on a cut-off value for total score of R3, the highest value of sensitivity of the detection approach was 66.6% at the 20th day of rhGH treatment. Comparing with the sensitivity of male subjects (100% at the same time interval) (9), one can argue that combined detection of the three GH-dependent markers is unable to detect (satisfactorily) GH abuse in female athletes. Anyway, the dose of rhGH used in the present study was small for ethical reasons and is likely to be much lower than that which is commonly abused. In this context, anecdotal information suggests that many athletes are taking GH at a much higher dose than the one administered in this study (up to 16 IU/day for several months) (16) . Thus, the sensitivity of the test may well be greater in the doping population than it was found overall in our study group.
Detection of GH abuse in women would not be trickier than in men for another reason if women are GH resistant (14) , female athletes will require higher doses of rhGH to obtain potential ergogenic benefits, thus making sensitivity of the test in a doping context similar in men and women.
In the present study (results not shown), we also verified whether the addition of the specific bone isoform of the alkaline phosphatase (b-ALP), a marker of bone formation (17) , to the other markers would have improved the clinical predictivity of the test. However, sensitivity and specificity did not change by adding b-ALP in the detection approach, indicating that IGF1, ICTP and PIIINP are potentially capable to reach the full clinical predictivity of the test.
It appears that athletes who are abusing performance-enhancing agents are, in general, extremely well informed and aware of the most critical anti-doping controls. Thus, it is desirable that any doping test detects an illicit substance for some time after cessation of its administration. This can be partly overcome by out-of-competition testing but it is extremely difficult to perform in a fair and universal manner due to disparate access to athletes depending on their nationality and differing testing policies by the various sporting bodies (18) .
The detection approach here-in proposed is optimized to pinpoint athletes who are actively taking rhGH, but could also be useful for detection of those who have stopped hormone intake some time previously. In fact, the sensitivity of the test after rhGH withdrawal is related not only to IGF1, which has a relatively short plasma half-life, but also to PIIINP and ICTP, endowed with a much longer half-life (19) . As shown in the present study, in a GH-resistant population treated with low doses of rhGH, levels of PIIINP were in few subjects still abnormal after 30 days of rhGH withdrawal (Fig. 1) . Although the sensitivity of 11.1% at 15 days after rhGH withdrawal is small, further studies are mandatory to establish whether it could be increased using different doses and times of rhGH administration.
Before closing, one major limitation of our work has to be outlined: though the number of control subjects used was not so small, validation of this detection approach will need a much higher number of athletes to avoid the occurrence of false positives, possibly with cut-off levels based on the intra-individual variability of GH-dependent markers (20) . A blinded, placebocontrolled, randomized study should be performed.
In conclusion, this study reports the results of a new methodology for the detection of GH abuse in female athletes, based on levels of three GH-dependent markers, IGF1, PIIINP and ICTP. This detection approach has a high specificity in both genders (about 100%), but a good sensitivity only in men (100 vs 66.6% in women after 3-week rhGH treatment). As female athletes supposedly use for doping purposes doses of rhGH higher than the ones we used, this detection tool maintains its validity.
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